Future precision studies of the Standard Model require excellent knowledge of the top quark mass, to an accuracy of 100 MeV or better. This mass can be measured in a way that is free of any ambiguities from soft QCD by locating the threshold position for e + e − annihilation to top quark pairs, or, more precisely, the mass of the unstable 1S resonance. This contribution reports the current status of this program, with results from full-simulation studies of the top quark threshold scan in the detectors proposed for ILC and CLIC. Precision studies of the pair production process, including its full dependence on beam polarisation, has the potential to extract the form factors for the top quark couplings with precision that exceeds the prospects at the LHC by an order of magnitude.
Introduction
Future high-luminosity, high-energy e + e − colliders will offer a great opportunity for precision tests of the Standard Model. Thanks to the precise control of the initial state, the calculable electroweak production and the continued progress in detector RD, an e + e − collider owns a potential beyond that of hadron colliders [1] . Therefore the physics case for such a machine has focussed on studying the exact relation of the Higgs boson to the electro-weak symmetry breaking mechanism. However, a linear e [2] ) is based on superconducting RF cavities. With the accelerating gradient achieved to date, such a machine naturally covers an energy range from 200 GeV to 500 GeV, with a posible upgrade to 1 TeV. The ILC also offers the option of running with polarised beams. The beam polarisation expected for (e − , e + ) is (±80%, ±30%) respectively at 500 GeV.
The Compact Linear Collider (CLIC [3] ) pursues a more ambitious two-beam acceleration scheme, that raises the gradient to 100 MV/m and brings multi-TeV operation within reach. The center-of-mass energy of the default design is 3 TeV but it could start working at 500 GeV and afterwards 1.5 TeV during the first years of running.
There are two detector concepts developed for lepton colliders, ILD [4] and SiD [5] . These detectors are optimised for the Particle Flow Algorithm (PFLOW), which consists in measuring the different particles in the event with the most suitable sub-detectors, i.e. while charged particles are measured by the tracking system, photons and neutral hadrons are measured by the electromagnetic and hadronic calorimeters respectively.
The focus of these proceedings is on two measurements where the unique properties of the LC can greatly enhance the knowledge of the top quark. The potential of LC experiments to measure the top quark mass and the prospects of a linear collider experiment to precisely characterise the ttZ/γ
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Because of its large mass the top quark plays a special role in the Standard Model and many of its extensions. In Figure 1 the regions of the (M t ,M h ) space are shown. A small change in the masses can drastically modify the conclusions regarding the stability of the vacuum. So a precise determination of the top mass is a crucial to test the consistency of the Standard Model.
Recently became known a historical result [7] , a combination of measurements of the mass of the top quark, m top , performed by the CDF and D0 experiments at the Tevatron collider and the ATLAS and CMS experiments at the Large Hadron Collider (LHC).
[ [6, 7] . The grey vertical band reflect the total uncertainty on the combined mtop value.
Tevatron and LHC colliders (m TEV , m LHC ). Figure 2 reports the comparison of the world mtop combination with the individual mtop determinations per tt decay channel, experiment, and collider. In addition mtop combination results from Refs. [6, 7] are also reported (see Appendix B, Figure 4 for the correlated mtop determinations). The full uncertainty breakdown of the individual CDF, D0, ATLAS, CMS, Tevatron and LHC combinations is reported in Appendix C. The individual combination for m TEV and m LHC present some di↵erences with respect to the results documented in Refs. [6, 7] . For m TEV , these mainly originate from the reduced set of input measurements used in the combination with respect to Ref. [6] , and to a lesser extent from the use of a finer MC modelling uncertainty splitting (four separate categories: MC, Rad, CR, PDF, rather than a single one including all of them), and the change in the JES uncertainty categories for the CDF measurements. The slight di↵erences in the uncertainty breakdown of the separate combination of m LHC with respect to Ref. [7] are mainly attributed to the changes of the uncertainty categorisation and correlation assumption underlying the stdJES and b-tagging categories.
7 E↵ects of using alternative correlation models and uncertainty treatments
The categorisation and the correlation assumptions summarised in Tables 3 and 4 reflect the present understanding and the limitations due to the di↵erent choices made by the experiments when evaluating the individual uncertainty sources. In this preliminary result, the e↵ects of the approximations are evaluated by performing stability cross checks, in which the input assumptions are changed with respect to the values reported in Section 5. The results of these cross checks are described in the following, and summarised in Figure 3 . The resulting combined measurement of m top is 173.34 ± 0.27 (stat) ±0.71 (syst) GeV.
The mass measurements mentioned so far are extracted from a comparison of a Monte Carlo template to the mass distribution of the colour neutral system formed by the top quark decay products. The result is interpreted as the top quark pole mass. The uncertainty inherent in this interpretation limits the precision that can be achieved with this procedure [7, 8] .
At e + e − colliders two techniques to determine the mass of the top quark could be considered. The first one is the direct reconstruction of the top from its product decays necessarily above the tt production threshold. This technique is experimentally well-defined but suffers from the ambiguity in the interpretation. On the other hand, top mass can be measured in a scan of the beam energy through the top pair production threshold. This procedure has a high degree of precision using a theoretically well-defined top mass.
The idea that a scan of the center-of-mass energy at an e + e − collider could yield a potentially high precision strategy for the determination of the top quark mass [9] was known well before the top quark was discovered. Table 4 Summary of the 2D simultaneous top mass and as determination with a threshold scan at ILC for 10 points with a total integrated luminosity of 100 fb 1 . Event selection and background rejection from CLIC_ILD is used.
section rises faster due to the sharper main luminosity peak at the ILC. This faster rise of the cross section is expected to lead to somewhat reduced statistical uncertainties on the top mass for a given integrated luminosity due to increased differences between different mass hypotheses in the threshold region.
For the generation of data points with the ILC luminosity spectrum, the signal selection efficiencies and the residual background contribution are determined with the CLIC_ILD detector concept. While there are some differences between this detector concept and the ones developed for the ILC, it is not expected that this will have a sizeable impact on the efficiencies in the present study. Figure 7 and Table 4 summarize the results of the combined extraction of the 1S top mass and the strong coupling constant at ILC. As expected, the statistical uncertainties are reduced compared to a threshold scan at CLIC, with a 20% reduction of the uncertainty of the mass and a 10% reduction of the uncertainty of as. The theory systematics as well as other systematic uncertainties studied here are unchanged compared to those at CLIC. Thus, the difference in statistical precision provided by the two different collider concepts top mass [GeV] does not result in a significant difference of the overall precision of the top mass measurement in a threshold scan.
Conclusions
A linear e + e collider based on CLIC technology provides the capabilities for a precise measurement of the mass of the top quark both at and above threshold. We have studied the expected precision obtainable in top pair production events with a scan around the threshold and with the direct reconstruction of the invariant mass of the top decay products at an energy of 500 GeV, each assuming a total integrated luminosity of 100 fb 1 . The studies have been performed with realistic GEANT4-based detector simulations including physics and machine-related backgrounds using full particle flow event reconstruction.
Above threshold, the mass of the top quark, here defined as the invariant mass of the decay products, can be measured with a statistical precision of 80 MeV combining fully-hadronic and semi-leptonic top pair decays. Systematic uncertainties originating from the jet energy scale can be controlled to a similar level using the direct reconstruction of the W bosons in the top pair decays and Z decays to bb from other sources. Since the measurement of the invariant mass is interpreted in the context of the top mass definition provided by the event generator PYTHIA, there are additional, potentially sizeable theoretical uncertainties when translating the result into theoretically well-defined mass schemes, which are not included in the quoted uncertainty.
In a threshold scan, the top mass can be determined in a theoretically well defined way, here using the 1S mass, with Table 4 Summary of the 2D simultaneous top mass and as determination with a threshold scan at ILC for 10 points with a total integrated luminosity of 100 fb 1 . Event selection and background rejection from CLIC_ILD is used.
For the generation of data points with the ILC luminosity spectrum, the signal selection efficiencies and the residual background contribution are determined with the CLIC_ILD detector concept. While there are some differences between this detector concept and the ones developed for the ILC, it is not expected that this will have a sizeable impact on the efficiencies in the present study. Figure 7 and Table 4 summarize the results of the combined extraction of the 1S top mass and the strong coupling constant at ILC. As expected, the statistical uncertainties are reduced compared to a threshold scan at CLIC, with a 20% reduction of the uncertainty of the mass and a 10% reduction of the uncertainty of as. The theory systematics as well as other systematic uncertainties studied here are unchanged compared to those at CLIC. Thus, the difference in statistical precision provided by the two different collider concepts does not result in a significant difference of the overall precision of the top mass measurement in a threshold scan.
In a threshold scan, the top mass can be determined in a theoretically well defined way, here using the 1S mass, with 
Generation of data points
The signal and background efficiencies are determined using fully simulated events as outlined in Section 3. The kinematic fit and the likelihood-based background rejection are used to eliminate the majority of the non-tt background. Overall, a signal selection efficiency of 70.2%, including the branching fractions of the considered fully-hadronic and semi-leptonic top pair decays, is achieved. As for the 500 GeV case, the dominant background channels are rejected at the 99.8% level, resulting in an effective cross section for the remaining background of 73 fb.
Simulated data points are generated by taking the ISR and luminosity-spectrum corrected top pair cross section at the desired energy to calculate the nominal number of events expected. The simulated number of signal events is determined on a random basis following a Gaussian distribution with the mean set to the nominal number of events and the standard deviation given by the square root of that number. With the same method, background events are added, using a constant cross section of 73 fb as discussed above. It is assumed that the nominal background contribution is well known both from theory and from measurements below threshold, so that the nominal number of background events can be subtracted from the signal, leaving just the statistical variations on top of the signal data with its own statistical uncertainty. Figure 5 shows the ten simulated data points for CLIC with an integrated luminosity of 10 fb 1 at each point. To illustrate the sensitivity of the data to the top quark mass, the threshold behavior for a shift in mass of ±200 MeV is also shown in the figure. 
Measurement of the top mass and as
The 1S mass of the top quark and the strong coupling constant are extracted simultaneously with a two-dimensional template fit. During the fitting procedure, the simulated data points are compared with calculated cross sections ("templates") for a grid of different mass and strong coupling values, generated with step sizes of 50 MeV and 0.0007 for mt and as, respectively. The fit results are then given by the minimum of a two-dimensional parabolic fit to the c 2 distribution of the different templates in the mt , as plane. The expected statistical uncertainty of these parameters from a threshold scan is taken from the standard deviation of the measured mass in 5000 trials with different simulated data points. The results are illustrated in Figure 6 , which shows the clear correlation between the two parameters, and also demonstrates that the fit itself does not introduce a bias on the results.
At this stage of the analysis, the systematic error due to theory uncertainties is included, taken as an overall normalization uncertainty of the calculated cross section. Here, two levels are considered: A normalization uncertainty of 3%, assumed as a reasonably conservative estimate of current theory uncertainties [40] , and an uncertainty of 1% optimistically assumed to be achievable with additional theoretical work in time for experiments at linear colliders.
The full results, including the theory uncertainty, are given in Table 3 .
Alternative scenarios
In addition to the two dimensional fit with 10 data points, other running and analysis scenarios are considered. When 
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Alternative scenarios
In addition to the two dimensional fit with 10 data points, other running and analysis scenarios are considered. When A recent study [10] has reviewed the prospect for this measurement. The authors use detailed studies of the accelerator to estimate the effect of beam energy spread for ILC and CLIC operation at √ s ∼ 350 GeV.
GEANT4 is used for simulating the detector effects in full detail. The dependence of the production cross section on the center-of-mass energy is shown in the leftmost panels of (in the upper panel for ILC and in the bottom panel for CLIC) Figure 3 . With 100 fb −1 divided over ten √ s values from 344 GeV to 353 GeV the fit submits the constraint in the (α s , m t ) plane shown in the rightmost panels. A statistical precision of the top quark mass in the 1S scheme [11] of 30 MeV is obtained at CLIC in a combined fit together with the strong coupling constant, which is determined with a precision of 0.0009. With the ILC luminosity spectrum the uncertainties on m t and α s are reduced by 20% and 10%, respectively.
The theory uncertainty, incorporated as an overall normalisation uncertainty of the cross section, is substantially smaller than the statistical error on the mass, and comparable to or larger than the statistical error on the strong coupling. Additional systematic uncertainties from the beam energy, from the luminosity spectrum and from the background subtraction are comparable or smaller than the statistical uncertainty on the mass, resulting in a total uncertainty of the top mass below 100 MeV in a theoretically well-defined mass scheme. Uncertainties from the conversion to the MS mass scheme are currently of the order of 100 MeV.
The tt Z and ttγ couplings
The study of the top quark electroweak couplings has excellent sensitivity to beyond Standard Model physics [12] . The top quark was discovered in 1995 by DØ and CDF so it was not studied by the previous generation of e + e − colliders. The efforts of the Tevatron and LHC experiments determine many aspects of top quark production and its decay, but have limited potential to constrain the ttZ and ttγ vertices. A precise characterisation of these vertices at a lepton collider may prove to be a very sensitive probe of physics Beyond the Standard Model.
Following the notation of Reference [13] the top quark couplings to photon and Z boson can be written as follows:
where X = γ, Z and theF satisfyF Hadron colliders can probe some of these form factors through the study of associated production of top quark pairs with photons or Z bosons, specifically the first direct constraints on the ttZ couplings at the LHC []Rontsch:2014cca . The process pp → ttγ was observed at the Tevatron [15] . The LHC potential is estimated in the 2005 Snowmass report [13] , assuming an Several studies [13, 14, 16] have established that at a future Linear Collider operated at √ s = 500 GeV the top quark couplings to the photon and, particularly, the Z boson can be characterised much more precisely. The polarisation of the e + e − beams allow to disentangle the photon and Z boson vertices. Recently, the authors of Reference [17] have revisited the LC potential using effective operators. A study of the fully hadronic final state using a detailed simulation show that measurement of the jet charge allows for efficient tagging of top and anti-top quarks [18] . The measurement of the charge asymmetry in tt production allows to constrain the ttZ vertex to the 5−10% level.
In Reference [14] the lepton+jets final state is evaluated in full detector simulation. Multiple form factors are allowed to deviate from their SM values in contrast to earlier studies of the LC potential . The resulting prospects for the measurement of the form factors of 500 GeV data are compared to the LHC potential from Reference [13] in Figure 4 . Despite the increasing realism of these recent studies, the precision of the extracted form factors is similar, and in some cases even better than in older work, primarily due to a different choice of observables. In LC with polarised beams we can thus measure the top quark couplings ttγ and ttZ with accuracies one or two orders of magnitude better than LHC.
Summary & discussion
Future linear e + e − colliders offer an excellent opportunity for precision measurements of top quark properties because of a large integrated luminosity (order ab −1 ) and a center-of-mass energy that goes from the electroweak scale to several TeV.
A 100 fb −1
scan of the center-of-mass energy of the collider around the tt production threshold allows for a precise extraction of the top quark mass in a theoretically well-defined mass scheme. A recent study based on a realistic simulation of the luminosity spectrum and a detailed model of the detector response estimates a total uncertainty on the MS mass of approximately 100 MeV.
Measurement of differential cross section of tt pair production in the continuum ( √ s = 500 GeV) can be used to constrain anomalous contributions to the ttγ/Z vertices. The use of polarised beams allows to disentangle the contributions related to the photon and Z boson. The characterisation of the form factors can thus reach a precision superior to predicted for the LHC by an order of magnitude.
